The family of AMPA receptors is encoded by four genes that are differentially spliced to result in the flip or flop versions of the four subunits GluR1 to GluR4. GluR2 is further modified at the so-called Q/R site by posttranscriptional RNA editing. Delivery of AMPA receptors to the plasma membrane and synaptic trafficking are controlled by transmembrane AMPA receptor regulatory proteins (TARPs). Additionally, TARPs influence essential electrophysiological properties of AMPA receptor channels such as desensitization and agonist efficacies. Here, we compare the influence of all known TARPs (␥2, ␥3, ␥4, and ␥8) on agonist-induced currents of the four AMPA receptor subunits, including flip and flop splice variants and editing variants. We show that, although agonist-induced currents of all homomeric AMPA receptor subunits as well as all heteromeric combinations tested are significantly potentiated when coexpressed with members of the TARP family in Xenopus laevis oocytes, the extent of TARP-mediated increase in agonist-induced responses is highly dependent on both the AMPA receptor subunit and the coexpressed TARP. Moreover, we demonstrate that the splice variant of the AMPA receptor plays a key role in determining the modulation of electrophysiological properties by associated TARPs. We furthermore present evidence that individual TARP-AMPA receptor interactions control the degree of desensitization of AMPA receptors. Consequently, because of their subunit-specific impact on the electrophysiological properties, TARPs play a major role as modulatory subunits of AMPA receptors and thus contribute to the functional diversity of AMPA receptors encountered in the CNS.
Introduction
AMPA receptors mediate most of the fast excitatory synaptic transmission in the vertebrate CNS and play an essential role in plasticity of excitatory synapses. The AMPA receptor family consists of four subunits GluR1 to GluR4 (Hollmann and Heinemann, 1994) forming functional homotetrameric and heterotetrameric receptor complexes Hollmann, 1999) . Subunit diversity is increased by alternative splicing, leading to two splice variants for each AMPA receptor, named flip and flop (Sommer et al., 1990) . Subunit heterogeneity is further increased by posttranscriptional RNA editing at the so-called Q/R site that determines electrophysiological properties and surface expression of the receptor complexes (Hollmann et al., 1991; Hume et al., 1991; Swanson et al., 1997; Greger et al., 2002 Greger et al., , 2003 .
In contrast to NMDA receptors, synaptic AMPA receptors undergo fast turnover (Sheng and Lee, 2003; Collingridge et al., 2004; Cognet et al., 2006) . Stargazin (␥2) and three homologous transmembrane AMPA receptor regulatory proteins (TARPs) (␥3, ␥4, and ␥8) appear to control AMPA receptor trafficking (Tomita et al., 2003; Nicoll et al., 2006) . Studies indicate that in vivo the majority of AMPA receptors is associated with some TARP (Nakagawa et al., 2005; Vandenberghe et al., 2005) . This association initiates two independent events: an increase in AMPA receptor surface expression (Chen et al., 2000) and a modulation of their electrophysiological properties. The observed enlargement of agonist-evoked currents can be attributable to a decrease in the extent of receptor desensitization, to an increase in the relative efficacy of kainate (KA), and to a slowed rate of receptor desensitization and deactivation (Priel et al., 2005; Tomita et al., 2005; Turetsky et al., 2005) . EC 50 values for glutamate and kainate shift toward lower concentrations in the presence of ␥2 (Yamazaki et al., 2004; Turetsky et al., 2005) . Additionally, it has been shown for GluR4 that coexpression of ␥2 enlarges burst length and increases the probability of the channel to reach the highest conductance level (Tomita et al., 2005) .
Up to now, modulatory effects of TARPs have almost exclusively been studied for ␥2, whereas effects of other TARPs have not been described in detail. In this study, we investigate the influence of all known TARPs on agonist-induced currents of all AMPA receptors, including their flip/flop splice variants and editing forms, in Xenopus laevis oocytes. Although TARPs consistently increase current amplitudes, potentiation factors vary widely and depend strongly on the particular receptor-TARP tial with a TurboTec 10CX amplifier (npi Electronic, Tamm, Germany) controlled by Pulse software (HEKA Elektronik, Lambrecht, Germany). Recording pipettes were pulled from borosilicate glass (Hilgenberg, Malsfeld, Germany) using a PIP5 pipette vertical puller (HEKA Elektronik). Voltage electrodes had resistances of 1-4 M⍀ and were filled with 3 M KCl; current electrodes had resistances of 0.5-1.5 M⍀ and were filled with 3 M CsCl. Compounds were applied for 20 s by superfusion at a flow rate of ϳ5 ml/min. Glutamatergic agonists (300 M for Glu and 150 M for KA) were prepared in MgR. To determine EC 50 values for glutamate, 10 -12 different agonist concentrations were applied to the same oocyte, and steady-state values of the evoked currents were measured. Data from each oocyte were fitted separately, and EC 50 values obtained this way from four to six oocytes were averaged. Data presented here are reported as mean Ϯ SEM. Statistical significance was determined with an unpaired Student's t test.
Labeling of cell surface proteins using biotinylated concanavalin A. To identify the fraction of receptor protein inserted in the plasma membrane, glycosylated surface proteins were labeled with biotinylated concanavalin A (ConA) and isolated by streptavidin/agarose-mediated precipitation of the biotinyl-ConA-protein complex. Briefly, intact oocytes were incubated in 10 M biotinyl-ConA (Sigma-Aldrich, Munich, Germany) for 30 min at room temperature. After five 10 min washes in normal frog Ringer's solution, intact oocytes were homogenized in H buffer [20 l/oocyte; 100 mM NaCl, 20 mM Tris-HCl, pH 7.4, 1% Triton X-100, plus a mixture of proteinase inhibitors (Complete tablets; Roche Molecular Biochemicals, Mannheim, Germany)] and were kept at 4°C for 1 h on a rotating rod. After centrifugation at 16,000 ϫ g for 15 min, the supernatants were supplemented with 20 l of streptavidin/agarose beads (Fluka, Steinheim, Germany) and incubated at 4°C for 3 h on the rotating rod. The streptavidin/agarose beads were then pelleted by a 5 min spin at 16,000 ϫ g and washed three times in H buffer. The final pellets were boiled in 20 l of SDS-PAGE loading buffer (6 M urea, 0.8 M ␤-mercaptoethanol, 6% SDS, 20% glycerol, 25 mM Tris-HCl, pH 6.8, and 0.1% bromophenol blue).
Gel electrophoresis and Western blotting. Proteins were separated by SDS-PAGE using the Mini-Protean 3 system (Bio-Rad, Munich, Germany) and then electroblotted onto Hybond ECL nitrocellulose membranes (GE Healthcare). The nitrocellulose membranes were blocked with 1ϫ Roti-Block (Roth, Karlsruhe, Germany) in TBS-T (140 mM NaCl, 20 mM Tris-HCl, pH 7.6, and 0.1% Tween 20), and detection of proteins was performed using rabbit anti-GluR1, which was a kind gift from Richard L. Huganir (Department of Neuroscience, Howard Hughes Medical Institute, The Johns Hopkins University School of Medicine, Baltimore, MD), and HRP-conjugated goat anti-rabbit (SigmaAldrich, Munich, Germany) antibodies. Blots were developed using ECL solutions (Pierce, Rockford, IL) .
Electrophysiological measurements in human embryonic kidney 293 cells. Exponentially growing human embryonic kidney 293 (HEK293) cells were grown in Minimum Essential Medium Eagle, Joklik Modification (JMEM) (Sigma-Aldrich, Taufkirchen, Germany) supplemented with 10% fetal bovine serum (FBS) (Invitrogen, Paisley, UK) at 37°C, 8% CO 2 in polyornithine-coated 35 mm dishes. At 1 h before transfection, the cell culture medium was changed to DMEM (Invitrogen) supplemented with 10% FBS. Transfections were done using a modified calcium phosphate precipitation technique (Chen and Okayama, 1987) . Briefly, cells were transfected with 3.0 g of DNA, with an equimolar ratio of AMPA receptor cDNA cloned into pcDNA3.0 and either ␥2-enhanced cyan fluorescent protein (ECFP)/pECFP-N1 or pECFP-N1. Transfections were performed for 8 h at 37°C with 3% CO 2 . After incubation, the cells were washed with PBS before changing back to JMEM. After 48 -72 h past transfection, whole-cell recordings were performed using an EPC-9 amplifier (HEKA Elektronik) controlled by Pulse 8.70 software (HEKA Elektronik). Currents were digitized with a sampling rate of 10 kHz and filtered at 3 kHz. Recording pipettes were pulled from borosilicate glass (GC150TL-10; Harvard Apparatus, Edenbridge, UK) using a PIP5 pipette vertical puller (HEKA Elektronik) and had resistances of 4 -8 M⍀. Agonists (3 mM glutamate or 600 M kainate) were prepared in extracellular solution and applied using a theta glass capillary (Hilgenberg) mounted on a piezo electric controller (Physik Instrumente, Karlsruhe, Germany) that bathed the suspended cell in a laminar flow for 200 ms. The extracellular solution consisted of 140 mM NaCl, 4 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM HEPES-NaOH, pH 7.3; the pipette solution consisted of 130 mM CsF, 4 mM NaCl, 1 mM MgCl 2 , 0.5 mM CaCl 2 , 11 mM EGTA, and 10 mM HEPES-KOH, pH 7.3. The current responses were measured at room temperature at a holding potential of Ϫ60 mV. Current responses were filtered at 1-2 kHz after recording.
Results
TARP-specific modulation of GluR1(Q)flip is caused by differential changes in electrophysiological properties and not receptor trafficking Coexpression of GluR1(Q)flip with each of the four TARPs resulted in a robust potentiation of glutamate-and kainateevoked currents ( Fig. 1 A, B) . Remarkably, this potentiation was strongly dependent on the particular TARP. ␥2 caused the strongest potentiation of glutamate-and kainate-induced steady-state currents (23.1 Ϯ 11.3-fold, n ϭ 6, for glutamate and 71.8 Ϯ 13.2-fold, n ϭ 6, for kainate), whereas ␥8 had the weakest effect (2.2 Ϯ 0.4-fold for glutamate and 14.5 Ϯ 3.2-fold for kainate, both n ϭ 8) (Fig. 2 B) . To clarify whether the different potentiation factors caused by each TARP were a consequence of differences in surface expression of GluR1(Q)flip subunits, we analyzed the amount of plasma membrane-resident GluR1(Q)flip. Western blots revealed that ␥2 and ␥8 led to an equally modest increase of approximately twofold in GluR1(Q)flip protein in the plasma membrane of Xenopus laevis oocytes, whereas coexpression of ␥4 had no effect on the amount of surface-incorporated GluR1 and coexpression of ␥3 even led to a small decrease of surface-incorporated GluR1(Q)flip (Fig. 1C) . These findings were confirmed in three independent experiments, so that random oocyte variability can be excluded as the reason for the observed expression levels.
The limited alteration in plasma membrane-incorporated GluR1(Q)flip cannot explain some of the larger potentiation factors of agonist-induced currents. Moreover, the increase in current amplitudes differed strongly between the tested agonists glutamate and kainate. Each of the four TARPs potentiated kainateinduced currents much stronger than glutamate-induced currents, resulting in an increase in the ratio of kainate-to glutamate-induced currents (I KA /I Glu ratio) ( Table 1 ). This shift in the I KA /I Glu ratio was dependent on the coexpressed TARP, leading to I KA /I Glu ratios between 3.2 Ϯ 0.6 (n ϭ 6, ϩ␥4) and 15.0 Ϯ 5.1 (n ϭ 6, ϩ␥2) compared with 1.9 Ϯ 0.3 (n ϭ 5) determined for GluR1(Q)flip expressed in the absence of any TARP. It has been described previously that ␥2 shifts the EC 50 values for glutamate and kainate to lower concentrations (Yamazaki et al., 2004; Priel et al., 2005; Tomita et al., 2005; Turetsky et al., 2005) . Here, we determined that all four TARPs reduce EC 50 values for glutamate and to different extents (Fig. 1D ). ␥2 and ␥3 behave similarly, shifting the EC 50 for glutamate from 37.2 Ϯ 9.0 M (n ϭ 4) determined for GluR1(Q)flip alone to 6.0 Ϯ 0.6 M (n ϭ 5; p Ͻ 0.01) and 5.3 Ϯ 0.7 M (n ϭ 4; p Ͻ 0.01), respectively. Coexpressions of ␥8 or ␥4 led to a considerably less pronounced shift of the EC 50 for glutamate compared with ␥2 or ␥3, Differential impact of the flip/flop domains of AMPA receptors on the TARP-mediated increase in agonist-induced currents Next, we analyzed whether the TARP-specific impact on agonistinduced currents may depend on the splice variant of the associated AMPA receptor. Similar to GluR1(Q)flip, GluR1(Q)flopmediated currents were increased by all members of the TARP family and, as observed for GluR1(Q)flip, to different extents ( Fig. 2 A) . ␥2, ␥3, and ␥4 boosted glutamate-induced currents at the GluR1(Q)flop splice variant most effectively, whereas coexpression of ␥8 resulted in a relatively small current potentiation. Kainate-induced currents were affected maximally by ␥2 and ␥3 (ϳ220-fold for ␥2 and 300-fold for ␥3). Coexpression with ␥4 or ␥8 resulted in a less potent increase in kainate-induced currents but still produced potentiation factors of ϳ100-fold. In contrast to the flip variant, glutamate-induced responses of GluR1(Q)flop were more strongly potentiated by ␥2 and ␥4 than kainate- induced currents (Fig. 2 A) . In general, the increase of agonistinduced currents by TARPs was larger for GluR1(Q)flop than for GluR1(Q)flip. Depending on the coexpressed TARP, the difference between potentiation factors of GluR1(Q)flop compared with GluR1(Q)flip varied from 3-fold to 10-fold for kainateinduced currents and from ϳ2-fold to 30-fold for glutamateinduced currents. An even more pronounced difference in the TARP influence on agonist-induced currents can be seen between the flop and flip splice variants of GluR2. The impact of TARPs on kainateinduced currents of GluR2(Q)flop was ϳ30-fold larger than for the flip isoform coexpressed with the same TARP (Fig. 2C,D) . For glutamate-induced currents, the difference between potentiation factors for the flop and flip isoforms was even larger, at values ϳ100-fold.
However, despite the larger impact of TARPs on the flop isoforms of GluR1 and GluR2, steady-state agonist-induced currents of the flop isoforms still remained smaller than those of the respective flip isoforms when coexpressed with the same TARP. Consequently, coexpression of a TARP decreases the difference between the steady-state amplitudes of agonist-induced currents of flop and flip isoforms.
The differences in modulation of GluR1(Q) and GluR2(Q) by TARPs suggested an AMPA receptor subunit-dependent mechanism of modulation. Therefore, we extended our investigation to the other unedited AMPA receptor subunits, GluR3 and GluR4, analyzing flip and flop splice variants of each subunit.
In contrast to the results for GluR1 and GluR2, TARPs enhanced currents mediated by the flip variant of GluR3 more strongly than currents of the flop variant (Fig. 2 E, F ) . A second difference from GluR1 and GluR2 was that glutamate-induced currents mediated by GluR3(Q)flop were potentiated very weakly compared with kainate-induced currents (Fig. 2 E) . In contrast, glutamate-induced currents of GluR3(Q)flip were potentiated higher or at least to the same extent as kainate-induced currents (Fig. 2 F) . Also, potentiation factors of kainate-induced currents were approximately fivefold and those of glutamateinduced currents up to 30-fold larger for GluR3(Q)flip than for GluR3(Q)flop. Larger potentiation factors for the flip variants than for the flop variants were not observed for any other AMPA receptor subunit, which indicates to be a unique property of GluR3. Another factor distinguishing GluR3 from GluR1 and GluR2 is the impact of ␥3. This TARP increases current amplitudes of GluR1 and GluR2 strongly, to an extent comparable with ␥2, whereas it enlarges agonist-induced currents of GluR3 to a lesser extent, comparable with the potentiation by ␥4. For GluR3, as shown before for GluR1 and GluR2, ␥8 was the least efficient of all TARPs with respect to the potentiation of agonist-induced currents.
Glutamate-induced currents of GluR4(Q)flop were enhanced Because of small agonist-induced currents, I KA /I Glu ratios could not be calculated; therefore, no significances could be determined for the ratios in this column.
very weakly by coexpression of any TARP, similar to what was observed for GluR3(Q)flop (Fig. 2G) . Kainate-induced currents, however, were increased efficiently, and, in contrast to GluR3(Q)flop, ␥3 had a similar potency as ␥2 to enlarge kainate-induced currents of GluR4(Q)flop. This preferential enhancement of kainateinduced currents seen for GluR4(Q)flop resulted in a dramatic increase of the I KA / I Glu ratios, which to this extent was not seen with any other homomerically expressed AMPA receptor (Table 1) . The largest shift in the I KA /I Glu ratio was observed for the combination of GluR4(Q)flop and ␥2, as evidenced by an increase from 17.8 Ϯ 5.1 (n ϭ 10) determined for GluR4(Q)flop expressed without any TARP to 215.3 Ϯ 26.7 (n ϭ 12). For the GluR4(Q)flip subunit, I KA /I Glu ratios were also increased during coexpression with a TARP but to a lesser extent than for the flop isoform. The largest shift was seen for the combination with ␥3, which led to a value of 29.4 Ϯ 3.8 (n ϭ 10) compared with 3.7 Ϯ 0.8 (n ϭ 10) determined for GluR4(Q)flip expressed without any TARP (Table 1) . Although impacts of TARPs on glutamate-induced currents (very weakly enhanced) and kainate-induced currents (strongly enhanced) were similar for GluR4(Q)flop and GluR3(Q)flop, we did not observe a comparable impact of TARPs on the flip splice variants of GluR4(Q) and GluR3(Q) (Fig. 2 F, H ) . TARPs are known to decrease the extent of receptor desensitization (Priel et al., 2005; Tomita et al., 2005; Turetsky et al., 2005) , thus increasing glutamate-induced steady-state currents of AMPA receptors. Therefore, we investigated whether the very weak enhancement of glutamate-induced steady-state currents of GluR3(Q)flop and GluR4(Q)flop by ␥2 is correlated to a similarly weak inhibition of receptor desensitization. Therefore, we analyzed current responses of GluR3(Q)flop and GluR4(Q)flop in the presence or absence of ␥2 by whole-cell patch-clamp recordings in HEK293 cells (Fig. 3A) . We found a clear increase of ϳ80-fold (n ϭ 3-5) in the kainate-induced peak currents of GluR3(Q)flop coexpressed with ␥2 compared with GluR3(Q)flop expressed alone. Additionally, the extent of desensitization of GluR3(Q)flop was not significantly altered by coexpression of ␥2 (Fig. 3B ). For the other examined subunit GluR4(Q)flop, we observed similar results: kainate-induced peak currents were potentiated ϳ140-fold (n ϭ 6), and the extent of desensitization was not significantly altered by coexpression of ␥2 (Fig. 3B) . Thus, the results of patch-clamp recordings from HEK293 cells confirmed the weak potentiation of glutamateinduced and the large potentiation of kainate-induced steadystate currents of GluR3(Q)flop and GluR4(Q)flop by coexpression of TARPs observed in Xenopus oocytes.
Influence of the Q/R site amino acid on the TARP-mediated enhancement of agonist-induced currents
Next, we focused on the potential influence of the amino acid at the Q/R editing site on TARP-mediated current modulation. Therefore, we compared the influence of TARPs on the physiologically edited AMPA receptor subunit GluR2(R)flip and the engineered, unedited subunit GluR2(Q)flip. Although agonistinduced currents of both isoforms were increased by each TARP, responses of GluR2(R)flip showed a much stronger potentiation than those of GluR2(Q)flip (Figs. 2 D, 4A ). For GluR2(R)flip, the ability of the TARPs to enhance agonist-induced currents was pronounced for ␥2 and ␥3 and weak for ␥8 and ␥4. Potentiation factors for glutamate-induced currents ranged from 22.7 Ϯ 10.7 (n ϭ 8) for coexpression with ␥4 to 227.6 Ϯ 65.7 (n ϭ 7) for coexpression with ␥2 (Fig. 4 A) . For kainate-induced currents the potentiation factors ranged from 34.6 Ϯ 14.4 (n ϭ 8) when GluR2(R)flip was coexpressed with ␥4 to 306.5 Ϯ 84.1 (n ϭ 7) during coexpression with ␥2. Compared with GluR2(R)flip, the potentiation factors for GluR2(Q)flip were ϳ20-fold smaller (Fig. 2 D) . TARPs had only little influence on the I KA /I Glu ratios of both unedited (Q) and edited (R) GluR2flip, leading to a small shift from 0.7 Ϯ 0.1 determined for GluR2(R)flip (n ϭ 5) to 2.7 Ϯ 0.2 determined for GluR2(R)flip in coexpression with ␥8 (n ϭ 8) ( Table 1) .
Modulation of heteromeric AMPA receptor assemblies by TARPs depends on the subunit composition
In the CNS of vertebrates, AMPA receptors are generally expressed as heteromers mainly built from combinations of GluR1 or GluR3 with an edited GluR2 variant (Wenthold et al., 1996) . In addition, functional receptor complexes in most cases contain both splice isoforms (Mansour et al., 2001; Brorson et al., 2004) . Therefore, we examined three physiologically relevant combinations of AMPA receptor subunits, GluR1(Q)flop with GluR2(R)flip, GluR3(Q)flop with GluR2(R)flip, and GluR1(Q)flip with GluR4(Q)flip, in coexpression with each of the four TARPs ( Fig.  4B-D) . The assembly of heteromeric receptor complexes containing both unedited (Q) and edited (R) receptor variants was verified by analysis of current-voltage relationships. Only oocytes that showed a linear current-voltage relationship with reversal potentials ranging from 0 to Ϫ10 mV were included in the statistics. Oocytes showing glutamate-induced currents below 20 nA were excluded from the statistics because of potential expression of homomeric GluR2(R)flip. The rectifying current-voltage relationships of GluR1(Q)flip/GluR4(Q)flip could not be used to prove heteromeric assembly. Therefore, the assembly of GluR1(Q)flip with GluR4(Q)flip was confirmed by comparing the amplitudes of agonist-induced responses of coexpressed subunits to responses measured for homomerically expressed GluR1(Q)flip and GluR4(Q)flip receptors in the same preparation of oocytes. A clear enhancement of agonist-induced currents by TARPs was observed for the coexpression of GluR1(Q)flop with GluR2(R)flip (Fig. 4 B) . To our surprise, ␥4 increased glutamateinduced currents stronger than all other TARPs (125 Ϯ 18-fold; n ϭ 10). The increase of glutamate-induced currents was weaker for ␥2 (76 Ϯ 13-fold; n ϭ 14; p Ͻ 0.05 compared with ␥4) and weakest for ␥3 and ␥8, with potentiation factors of 23 Ϯ 5 (n ϭ 10) for ␥3 and 5 Ϯ 1 (n ϭ 18) for ␥8. Kainate-induced currents of GluR1(Q)flop/GluR2(R)flip were potentiated strongest by ␥2 (80 Ϯ 7-fold; n ϭ 11) and to a slightly smaller extent by ␥3 and ␥4 (53 Ϯ 9-fold for ␥3 and 49 Ϯ 6-fold for ␥4; both n ϭ 10; p Ͻ 0.01 compared with ␥2). Coexpression of ␥8 had the weakest influence on kainate-induced currents (11 Ϯ 3-fold; n ϭ 18). Simultaneously, the influence of TARPs on the I KA /I Glu ratios of GluR1(Q)flop/GluR2(R)flip varied from a decrease observed for the coexpression with ␥4 to a small increase observed for ␥3 and ␥8 (Table 2) . Next, we investigated to which degree the impact of TARPs on heteromeric receptors such as GluR1(Q)/GluR2(R) is dependent on the splice variants of the contributing subunits. To this end, all possible combinations that can arise from GluR1(Q) and GluR2(R) in either the flop or the flip splice forms were tested in the presence or absence of ␥2. We detected a clear dependence of the impact of ␥2 on the splice variant composition of receptor complexes. As observed before for the homomerically expressed GluR1(Q) and GluR2(Q) subunits, agonist-induced currents of receptors composed of only flop-spliced subunits were more strongly potentiated by ␥2 than the responses of flip-spliced receptors (Fig. 4 E) . The impact of ␥2 on heteromeric receptors containing both splice variants depended on which AMPA receptor subunit was flip spliced (Fig. 4 E) . In contrast to the nearly equal enlargement of glutamate-and kainate-induced currents of GluR1(Q)flop/GluR2(R)flip by coexpression of ␥2, glutamateinduced currents of the combination GluR1(Q)flip/ GluR2(R)flop were more strongly potentiated than kainateinduced currents (15 Ϯ 2-fold for glutamate and 8 Ϯ 0-fold for kainate; both n ϭ 6). Not only the potentiation of agonistinduced currents but also the direction and the extent of the shift in the ratio between kainate-and glutamate-induced currents caused by coexpression of ␥2 were dependent on the splice variant composition of heteromeric receptors. For GluR1(Q)/ GluR2(R) heteromers composed of only flop variants, as described previously for GluR1(Q)flop/GluR2(R)flip, we detected no significant change in the I KA /I Glu ratios when ␥2 was coexpressed (Table 3) . When GluR1(Q)flip contributed to the heteromeric complex, we observed a decrease of the I KA /I Glu ratios during coexpression of ␥2. Thus, our data are in line with a previous report by Turetsky et al. (2005) , who also showed a reduction of I KA /I Glu ratios by ␥2 (if steady-state currents are compared) of selected splice variant combinations of heteromeric receptors built from GluR1(Q) and GluR2(R). However, that study did not include the combination of GluR1(Q)flop/GluR2(R)flip investigated here, which showed no reduction of the I KA /I Glu ratio by ␥2 but, as demonstrated previously, showed a strong dependence on the coexpressed TARP in the shift of I KA /I Glu ratios. For the heteromeric combination of GluR3(Q)flop/ GluR2(R)flip, we detected a clear potentiation by all four TARPs (Fig. 4C) . ␥2 enhanced glutamate-induced currents 17.9 Ϯ 2.3-fold (n ϭ 6) and kainate-induced currents 8.9 Ϯ 0.9-fold (n ϭ 6). ␥3, ␥4, and ␥8 potentiated agonist-induced currents of GluR3(Q)flop/GluR2(R)flip heteromers weaker than ␥2 [p Ͻ 0.05 compared with GluR3(Q)flop/GluR2(R)flip ϩ ␥2]. Interestingly, for the combination GluR3(Q)flop/GluR2(R)flip, TARPs caused equal or larger potentiation of glutamate-induced currents than of kainate-induced currents, similar to what we had observed previously for GluR3(Q)flip. Strikingly, both contributing subunits, GluR2(R)flip and GluR3(Q)flop, did not show such a behavior when they were investigated individually as homomerically expressed receptors (Figs. 2 E, 4A) . Coexpression of TARPs dropped the I KA /I Glu ratio of GluR3(Q)flop/GluR2(R)flip from 13.1 Ϯ 1.2 (n ϭ 9) (without TARPs) to values between 11.4 Ϯ 0.7 (␥4; n ϭ 8) and 6.7 Ϯ 0.4 (␥2; n ϭ 6) ( Table 2) .
For the heteromeric combination GluR1(Q)flip/GluR4(Q)flip, we observed strongly enlarged kainate-induced currents during coexpression with a TARP, with potentiation factors ranging from 20.2 Ϯ 5.1 (␥4; n ϭ 10) to 151.4 Ϯ 11.3-fold (␥2; n ϭ 9). The enlargement of glutamate-induced currents of GluR1(Q)flip/ GluR4(Q)flip was most pronounced for ␥2 (42.4 Ϯ 7.3-fold; n ϭ 9), whereas the other TARPs caused a smaller potentiation of glutamate-induced currents (Fig. 4D) . We saw a TARP-dependent increase in the I KA /I Glu ratios for this combination ( Table 2 ). The strongest shift was induced by coexpression with ␥3, which increased the ratio from 2.6 Ϯ 0.8 (n ϭ 11) to 17.8 Ϯ 1.9 (n ϭ 9). GluR1(Q) o ϩ GluR2(R) i 5.6 Ϯ 0.3 5.4 Ϯ 0.5 9.5 Ϯ 0.6*** 1.7 Ϯ 0.1*** 11.1 Ϯ 0.6*** GluR3(Q) o ϩ GluR2(R) i 13.1 Ϯ 1.2 6.7 Ϯ 0.4*** 9.8 Ϯ 0.9* 11.4 Ϯ 0.7 9.7 Ϯ 0.9* GluR1(Q) i ϩ GluR4(Q) i 2.6 Ϯ 0.8 11.3 Ϯ 1.7*** 17.9 Ϯ 1.9*** 6.0 Ϯ 0.9** 15.1 Ϯ 2.6*** Calculation was performed as described for 
41.9 Ϯ 3.5 1.9 Ϯ 0.1* 5.4 Ϯ 0.5 8.4 Ϯ 1.0* Calculation was performed as described for Table 1 . The nomenclature of the AMPA receptor subunits is explained in Table 1 . n ϭ 15-16. *p Ͻ 0.005 compared with AMPA receptor subunits without TARP.
reduced from 14.5 Ϯ 1.4 to 0.8 Ϯ 0.0 in presence of cyclothiazide (both n ϭ 7), whereas the smallest reduction was seen for the combination with ␥4 because the I KA /I Glu ratio was reduced from 2.4 Ϯ 0.2 to 0.3 Ϯ 0.0 (both n ϭ 7) (Fig. 6C) . The ranking and values of the I KA /I GluϩCTZ ratios are nearly identical to the values of the I KA /I Glu ratio determined for the GluR1(Q)flip-L479Y mutant in coexpression with each of the four TARPs, which indicates that both the introduction of the LY mutation and the application of CTZ have equal impacts on the interaction of TARPs with AMPA receptors. In summary, our data imply that the modulation of electrophysiological properties of AMPA receptors critically depends on both the coexpressed receptor subunit and the TARP. Furthermore, agonist-induced currents of AMPA receptors of the flop isoform are more strongly increased than currents of the flip isoform (except for GluR3). Additionally, we observed a stronger enlargement of agonist-induced currents by TARPs for the edited R isoform compared with the unedited Q isoform. Heteromeric AMPA receptor combinations were found to be modulated by TARPs in an individual manner, because the impact of TARPs on heteromeric receptors does not reflect their impact on the contributing individual homomeric subunits. Coexpression of TARPs with AMPA receptors shifted the ratio of kainate-to glutamate-induced currents to higher values but to different extents depending on both the coexpressed AMPA receptor and TARP. The shift of the I KA /I Glu ratio was strongest in the case of coexpression with ␥2 or ␥3 and weakest for coexpression with ␥4. ␥8 had an intermediate effect on this ratio. We demonstrated that the ability to shift the I KA /I Glu ratio correlates mainly with the degree of inhibition of AMPA receptor desensitization by coexpressed TARPs and to a much lesser extent with the increase of the effectiveness of the partial agonist kainate. Also, we found a pronounced decrease in the EC 50 for the physiological agonist glutamate, the degree of which was dependent on the coexpressed TARP.
Discussion
We establish that each of the four members of the TARP family is capable of potentiating agonist-induced responses at all four AMPA receptors, flip as well as flop splice variants, and Q as well as R editing versions. We show that TARP-mediated increase of cell surface receptor expression in Xenopus oocytes does not cause the observed large increase in currents, implying that most of the increase results from TARP-specific modulation of electrophysiological receptor properties. The extent of that modulation primarily depends on the individual receptor/TARP combination. For most homomerically expressed AMPA receptor subunits, ␥2, ␥3, and ␥4 were the most effective TARPs in increasing glutamate-induced currents. For kainate-induced currents, ␥2 and ␥3 were most effective, whereas ␥8 had the weakest effect with both agonists. Thus, TARP efficiencies are essentially independent of the associated AMPA receptor subunits and reflect mainly TARP properties. AMPA receptors and TARPs share a restricted regional and developmental distribution pattern throughout the CNS (Tomita et al., 2003; Beneyto and Meador-Woodruff, 2004) . However, observed electrophysiological properties of distinct AMPA receptor/TARP combinations could not be correlated with a known codistribution pattern of AMPA receptors and TARPs. AMPA receptors underlie developmental modifications such as Q/R editing and alternative splicing. During embryogenesis, low levels of unedited GluR2 can be detected, and GluR1 is mostly spliced to the flip variant (Burnashev et al., 1992; Nutt and Kamboj, 1994; Jakowec et al., 1995) . However, we could not detect any striking differences in the modulation of these receptor variants in coexpression with ␥4, the predominant TARP in this developmental period (Tomita et al., 2003) , compared with the modulation of subunits predominantly expressed in the adult. the GluR1-L479Y mutant and that therefore the ␥2-dependent decrease in the EC 50 of wild-type GluR1 must be exclusively based on reduced receptor desensitization (Priel et al., 2005) . To our surprise, we found a distinct additional decrease in the EC 50 for glutamate of GluR1-L479Y when this mutant was coexpressed with ␥2 (Fig. 5C ). We conclude that the reduction of receptor desensitization by TARPs cannot be the exclusive reason for the leftward shift in the dose-response relationships. We postulate that the association of a TARP directly or indirectly causes an efficiency-enhancing conformational change of either the ligand binding domain of the AMPA receptor or its gating domains. This study provides additional insight into the complex modulation of electrophysiological properties of AMPA receptors, particularly desensitization and ligand efficacies, by TARPs. The degree of modulation is crucially dependent on both interaction partners and especially on key structural properties of the receptor subunit such as the flip/flop domain and the amino acid located at the Q/R editing site. Importantly, heteromeric AMPA receptor complexes are TARP-specifically modulated according to their subunit and also splice variant composition. This illuminates the importance of TARPs for the complexity of AMPA receptor-mediated synaptic transmission in the CNS.
